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ABSTRACT 

A p r e l i m i n a r y  i n v e s t i g a t i o n  was c a r r i e d  o u t  t o  r e d u c e  o r  e l i m i n a t e  
c o n c e n t r a t e d  charge-exchange i o n  eros ion  on t h e  downstream g r i d  s u p p o r t  
s t r u c t u r e s  of two g r i d  a c c e l e r a t o r  sys tems f o r  electron-bombardment ion 
t h r u s t e r s .  The tests i n d i c a t e d  t h a t  t h e  charge-exchange e r o s i o n  w a s  a 
f u n c t i o n  of b o t h  t h e  number of pr imary i o n  c u r r e n t  c a r r y i n g  h o l e s  on the 
s u p p o r t  p e r i p h e r y  and t h e  s u p p o r t  d i a m e t e r .  I n  g e n e r a l ,  t h e  d e p t h  ero-  
s i o n  rate decreased  w h i l e  t h e  e r o s i o n  a r e a  and volume e r o s i o n  r a t e  i n -  
c r e a s e d  w i t h  i n c r e a s i n g  s u p p o r t  s i z e .  An e l e c t r i c a l l y  i s o l a t e d  s u p p o r t  
d e s i g n  was t e s t e d  which appeared t o  e l i m i n a t e  c o n c e n t r a t e d  charge-  
exchange e r o s i o n  on b o t h  t h e  cover  cap and t h e  a c c e l e r a t o r  g r i d  f o r  
some sample l o c a t i o n s .  
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SUMMARY 

A p r e l i m i n a r y  i n v e s t i g a t i o n  was c a r r i e d  o u t  t o  r e d u c e  o r  e l i m i n a t e  
c o n c e n t r a t e d  charge-exchange i o n  e r o s i o n  on t h e  downstream g r i d  s u p p o r t  
s t r u c t u r e s  of two g r i d  a c c e l e r a t o r  sys tems f o r  electron-bombardment i o n  
t h r u s t e r s .  The tests i n d i c a t e d  t h a t  t h e  charge-exchange e r o s i o n  was a  
f u n c t i o n  of b o t h  t h e  number of pr imary i o n  c u r r e n t  c a r r y i n g  h o l e s  on 
t h e  s u p p o r t  p e r i p h e r y  and t h e  s u p p o r t  d iamete r .  I n  g e n e r a l ,  t h e  dep th  
e r o s i o n  r a t e  decreased  w h i l e  t h e  e r o s i o n  area and volume e r o s i o n  r a t e  
i n c r e a s e d  w i t h  i n c r e a s i n g  s u p p o r t  s i z e .  An e l e c t r i c a l l y  i s o l a t e d  sup- 
p o r t  d e s i g n  was t e s t e d  which appeared t o  e l i m i n a t e  c o n c e n t r a t e d  charge-  
exchange e r o s i o n  on b o t h  t h e  cover  cap and t h e  a c c e l e r a t o r  g r i d  f o r  some 
sample l o c a t i o n s .  

INTRODUCTION 

Electron-hombardment i o n  t h r u s t e r s  ??hich o p e r a t e  a t  s p e c i f i c  impulse  
v a l u e s  between about  2000 and 3000 seconds and a t  abou t  2.5 k i l o w a t t s  of 
power a r e  of i n t e r e s t  f o r  a v a r i e t y  of s p a c e  m i s s i o n s  ( r e f s .  1 and 2 ) .  
These c h a r a c t e r i s t i c s ,  a l o n g  w i t h  t h r u s t e r  o p e r a t i n g  l i f e  r e q u i r e m e n t s ,  
r e s u l t  i n  t h r u s t e r  d e s i g n  d i a m e t e r s  between 20 and 30 c e n t i m e t e r s .  Both 
two g r i d  ( r e f s .  3 ,  4 ,  and 5 ) ,  and composi te  g r i d  ( r e f s .  6 and 7)  a c c e l -  
e r a t o r  sys tems a r e  p r e s e n t l y  b e i n g  s t u d i e d  f o r  u s e  on t h e s e  s i z e  
t h r u s t e r s .  Two g r i d  a c c e l e r a t o r  sys tems have been t h e  s u b j e c t  of exten-  
s ive  s t u d y  w h i l e  composi te  g r i d s  a r e  as y e t  i n  a r e l a t i v e l y  e a r l y  s t a g e  
of development.  S e l e c t i o n  of a  g r i d  sys tem t y p e  w i l l  depend b o t h  on 
t h e  m i s s i o n  c o n s t r a i n t s  and t h e  u s u a l  c r i t e r i a  of r e l i a b i l i t y ,  l i f e t i m e ,  
and performance.  

It i s  l i k e l y  t h a t  some number of i n t e r - e l e c t r o d e  g r i d  s u p p o r t s  will 
b e  r e q u i r e d  f o r  r e l i a b l e  o p e r a t i o n  of two g r i d  sys tems ,  e s p e c i a l l y  f o r  
t h e  30 c e n t i m e t e r  d i a m e t e r  t h r u s t e r .  

Grid  s u p p o r t s  s e r v e  t o  r e d u c e  t h e  v a r i a t i o n  i n  g r id - to -gr id  s p a c i n g  
due t o  the rmal  l o a d i n g  d u r i n g  o p e r a t i o n .  A s imple  c a l c u l a t i o n  was made 
t o  e s t i m a t e  t h e  g r id - to -gr id  s p a c i n g  v a r i a t i o n  under  v a r i o u s  the rmal  
l o a d i n g .  B r i e f l y ,  t h i s  c a l c u l a t i o n  i n d i c a t e d  t h a t  w i t h  i n i t i a l  g r i d  
d i s h  d e p t h s  l e s s  t h a n  abou t  2.5 cm, one o r  more g r i d  s u p p o r t s  w i l l  prob- 
a b l y  b e  r e q u i r e d  t o  p r e v e n t  g r id - to -gr id  s p a c i n g  v a r i a t i o n s  g r e a t e r  
t h a n  0 . 5  mm. 



T e s t s  a t  t h e  Lewis Research Cente r  and e l sewhere  have shown exten-  
s i v e  charge-exchange i o n  e r o s i o n  damage t o  t h e  g r i d  s u p p o r t  s t r u c t u r e s  
t e s t e d .  F i g u r e  1 shows a  c e n t e r  s u p p o r t  used on t h e  g r i d  s e t  d e s c r i b e d  
i n  r e f e r e n c e  3 .  Eros ion  d u e  t o  b o t h  pr imary and charge-exchange ion 
impingement i s  e v i d e n t .  Pr imary i o n  impingement can  b e  avoided mere ly  
by keeping t h e  s u p p o r t  o u t  of t h e  l o c a l  pr imary i o n  f l u x ,  I n  a  L i f e  
test  performed a t  Hughes Research Labora to ry  (under c o n t r a c t  NAS3-14140), 
charge-exchange e r o s i o n  about  0.25 mm deep occur red  i n  a 450 hour l i f e  
t e s t .  I n  t h e  t es t ,  charge-exchange e r o s i o n  occur red  i n  t h e  form of long  
grooves . 

Charge-exchange i n t e r a c t i o n s  a r e ,  of c o u r s e ,  i n e v i t a b l e  i n  the as- 
c e l e r a t i o n  r e g i o n  of t h i s  t h r u s t e r  t y p e .  It can be  shown t h a t ,  a t  a 
f i x e d  p r o p e l l a n t  u t i l i z a t i o n  e f f i c i e n c y ,  t h e  charge-exchange i o n  pro- 
d u c t i o n  i n c r e a s e s  a s  t h e  s q u a r e  of t h e  i o n  c u r r e n t  d e n s i t y .  It i s  of 
pr imary importance t h a t  t h e  charge-exchange e r o s i o n  such  a s  t h a t  shown 
i n  f i g u r e  1 b e  e l i m i n a t e d  o r  s i g n i f i c a n t l y  reduced.  The e x t e n t  of t h e  
e r o s i o n  on p r e s e n t  s u p p o r t  d e s i g n s  must b e  known t o  assume t h a t  g r i d  
l i f e t i m e s  w i l l  b e  s u f f i c i e n t  f o r  proposed m i s s i o n  t imes .  

Th is  paper  p r e s e n t s  t h e  p r e l i m i n a r y  r e s u l t s  of a program d i r e c t e d  
toward e l i m i n a t i n g  o r  s i g n i f i c a n t l y  reduc ing  t h e  charge-exchange e r o s i o n  
of g r i d  s u p p o r t s .  A  number of g e o m e t r i c a l  and f i e l d  shap ing  concep t s  
were  t e s t e d .  Three  s h o r t  (up t o  50 hours )  tests were  used t o  e v a l u a t e  
p o s s i b l e  g r i d  s u p p o r t  d e s i g n s  and a l o n g e r  test of 1 4 1  h o u r s  d u r a t i o n  
was c a r r i e d  o u t  t o  v e r i f y  f i n a l  d e s i g n s ,  

APPARATUS AND PROCEDURE 

I n  most c a s e s ,  s i m u l a t e d  g r i d  s u p p o r t s  were  used .  The s i m u l a t e d  
s u p p o r t s  i n  g e n e r a l  b locked a r e a s  on b o t h  t h e  a c c e l e r a t o r  and s c r e e n  
g r i d s  and p ro t ruded  downstream of t h e  a c c e l e r a t o r  g r i d .  A c t u a l  g r i d  
s u p p o r t s  a r e  expected t o  b e  e l e c t r i c a l l y  s i m i l a r  t o  t h e  p r o t r u d i n g  
p o r t i o n  and mechan ica l ly  a b l e  t o  f i t  w i t h i n  t h e  s i m u l a t e d  s i z e s  t e s t e d ,  
These  s i m u l a t e d  s u p p o r t s  had common f e a t u r e s  which are d e s c r i b e d  i n  
s k e t c h  ( a ) .  

S imula ted  s u p p o r t  

ITi'sI c c e l e r a t o r  g r i d  

El S c r e e n  g r i d  

S c r e e n  g r i d  cover  



A cover  cap  of v a r i a b l e  geometry was p laced  on t h e  downstresr  s i d e  
of t h e  a c c e l e r a t o r  g r i d  and some number of h o l e s  were  blocked on t h a  
s c r e e n  g r i d  t o  avo id  d i r e c t  i o n  impingement on t h e  cover  c a p ,  Both the  
a c c e l e r a t o r  g r i d  cover  caps  and t h e  s c r e e n  g r i d  c o v e r s  were  a t t a c h e d  by 
t a p p i n g  t h e  a p p r o p r i a t e  g r i d  h o l e s  which a l lowed t h e  s tudded cap t o  b e  
screwed o n t o  t h e  g r i d .  V a r i a b l e  s i z e  c a p s  were  made by mere ly  attack- 
i n g  them t o  t h e  s t u d s  a s  shown i n  s k e t c h  ( a ) .  I n  g e n e r a l ,  t h e  a c c e l e r -  
a t o r  and s c r e e n  caps  covered e q u a l  numbers of h o l e s .  I n  some t e s t s ,  
however, t h e  s c r e e n  g r i d  was blocked t o  a  l a r g e r  d i a m e t e r .  Most sarn2ies 
were f a b r i c a t e d  from copper  t o  p r o v i d e  a n  a c c e l e r a t e d  l i f e  t e s t  and a l s o  
t o  a l l o w  easy  machining of p a r t s .  The s p u t t e r i n g  y i e l d  of copper  i s  
about  t h r e e  t i m e s  t h a t  of molybdenum f o r  normal mercury i o n  bombardment 
( r e f .  8) . 

A t o t a l  of f o u r  t e s t s  were r u n  w i t h  s e v e r a l  s u p p o r t s  e v a l u a t e d  a n  
each test .  The 30-cm d iamete r  t h r u s t e r  used i n  t e s t s  I ,  11, and 111 
(up t o  50 h r s  i n  d u r a t i o n )  was n e a r l y  i d e n t i c a l  t o  t h a t  d e s c r i b e d  a s  t h e  
Task. I t h r u s t e r  i n  r e f e r e n c e  9 .  The t h r u s t e r  used i n  t e s t  I V  (141 hrs 
d u r a t i o n )  was s i m i l a r  t o  t h e  Task V t h r u s t e r  of r e f e r e n c e  9 .  The same 
a c c e l e r a t o r  g r i d  s e t  was used f o r  a l l  f o u r  t e s t s .  The s c r e e n  g r i d  was 
0.8  mm t h i c k  w i t h  4  mm h o l e s  on a  c e n t e r - t o - c e n t e r  s p a c i n g  of 4.50 ~ n m ,  
The a c c e l e r a t o r  g r i d  was 2.54 mm t h i c k  w i t h  3 ,26  mm h o l e s .  Average 
v a l u e s  of some t h r u s t e r  o p e r a t i n g  paramete rs  f o r  each t e s t  a r e  g i v e n  on 
t a b l e  I. 

T e s t s  I ,  11, and 111 were a l l  conducted i n  a 1 . 5  m d i a m e t e r  by 
4 . 5  m l o n g  vaciinm f a c i l i t y  which had a stainless steel  t a r g e t  2 . 9  m 
downstream of t h e  a c c e l e r a t o r  g r i d .  The l a s t  t e s t  (IV) w a s  c a r r i e d  o u t  
i n  a  7 . 6  m d iamete r  by 21.3 m l o n g  vacuum f a c i l i t y  ( r e f .  l o ) ,  The back- 
ground p r e s s u r e s  i n  t h e  smz41 and l a r g e  f a c i l i t i e s  were abou t  8x10-6 and 
4x10-7 t o r r ,  r e s p e c t i v e l y ,  d u r i n g  t h e  t e s t s .  

The charge-exchange e r o s i o n  was e v a l u a t e d  w i t h  t h e  s u r f a c e  a n a l y z e r  
d e s c r i b e d  i n  r e f e r e n c e  11. This  s u r f a c e  a n a l y z e r  was c a p a b l e  of d e t e c t -  
i n g  d e p t h  changes as s m a l l  as 2x10-5 mm and provided t h e  most a c c u r a t e l y  
measured v a l u e s  of e r o s i o n  p r e s e n t e d  h e r e i n .  The volume e r o s i o n  pre- 
s e n t e d  i n  t a b l e  I1 was c a l c u l a t e d  by u s e  of t h e  s u r f a c e  a n a l y z e r  t r a c e s  
and a p l a n i m e t e r .  S u r f a c e  a n a l y z e r  t r a c e s  were t a k e n  a c r o s s  t h e  eroded 
a r e a  which passed through t h e  a r e a  of d e e p e s t  e r o s i o n .  The volume was 
t h e n  c a l c u l a t e d  by t h e  assumption t h a t  t h e  e r o s i o n  was i n  t h e  form of a  
volume of r e v o l u t i o n .  Although t h e  d e p t h  measurements were  q u i t e  accu- 
r a t e ,  s o u r c e s  of e r r o r  (such a s  o r i g i n a l  s u r f a c e  roughness  and p l a n i m e t e r  
inaccuracy)  e x i s t e d  i n  t h e  volume c a l c u l a t i o n .  The volume e r o s i o n  rates 
were e s t i m a t e d  t o  b e  a c c u r a t e  t o  about  30 p e r c e n t .  

RESULTS AND DISCUSSION 

The s h o r t  d u r a t i o n  tests w i l l  b e  d i s c u s s e d  f i r s t ,  fo l lowed  by pres-  
e n t a t i o n  of t h e  r e s u l t s  of a 1 4 1  hour t e s t .  Tab le  I1 g i v e s  geomet r ies  
of test s u p p o r t s  and t e s t  r e s u l t s .  



It i s  d i f f i c u l t  t o  s p e c i f y  t h e  f a i l u r e  c r i t e r i a  f o r  g r i d  srlpr 1~:  

e r o s i o n ,  The SERT I1 t h r u s t e r  s u f f e r e d  charge-exchange e r o s i o n  t o  t hp  
e x t e n t  t h a t  s m a l l  p i t s  eroded through t h e  g r i d  i n  abou t  2000 h o u r s ,  T h i s  
e r o s i o n  d i d  n o t  l e a d ,  however, t o  f a i l u r e  of t h e  g r i d  system. On t h e  
o t h e r  hand e r o s i o n  i n  t h e  r e g i o n  of a  g r i d  s u p p o r t  could b e  more c r i t i c a l  
t h a n  normal charge-exchange e r o s i o n .  No a t t e m p t  w i l l  be made, t h e r e f o r e ,  
t o  d e f i n e  a n  a c c e p t a b l e  l e v e l  of e i t h e r  d e p t h  o r  volume e r o s i o n .  

T e s t  1 

S i x  s m a l l  g r i d  s u p p o r t s  of v a r i a b l e  geometry were  t e s t e d  f o r  sev-  
eral r e a s o n s  : 

(1) To minimize t h e  b lockage  of t h e  s c r e e n  g r i d  f o r  b e s t  d i s c h a r g e  
chamber performance ( r e f ,  12)  . 

(2) To minimize t h e  mass of t h e  g r i d  sys tem.  

(3) To de te rmine  i f  t h e  p r o f i l e  of t h e  a c c e l e r a t o r  cap  would 
s t r o n g l y  i n f l u e n c e  t h e  amount o r  d i s t r i b u t i o n  of charge-exchange s p u t t e r -  
i n g .  

(4) To r e d u c e  t h e  volume a v a i l a b l e  f o r  p r o d u c t i o n  of charge-exchange 
i o n s  ( r e f .  13)  , which would s t r i k e  t h e  g r i d  s u p p o r t .  

S i x  sampies ( 1  through 6) were  p i a c e a  a t  a 7 cm r a d i u s .  A l l  had 
one h o l e  b locked  on b o t h  a c c e l e r a t o r  and s c r e e n  g r i d s .  Samples 1, 2 ,  
and 3 were a l l  c y l i n d r i c a l  and d i f f e r e d  e s s e n t i a l l y  o n l y  i n  l e n g t h .  
D e t a i l s  of geometry are givf-n on t a b l e  11. Samples 4  and 5  were  c o n i c a l  
i n  shape  and were of abou t  t h e  same b a s e  d iamete r  as sample 3 ( t h e  A 
dimension on t a b l e  11) and were of h e i g h t  1 . 5 4  and 2.64 mm, r e s p e c t i v e l y ,  
Sample 6 was n e a r l y  h e m i s p h e r i c a l ,  5.34 mm i n  d iamete r  and 2 .0  mm l o n g ,  

F i g u r e  2  p r e s e n t s  sample 1 a f t e r  20 hours  of o p e r a t i o n  and shows 
t h a t  charge-exchange e r o s i o n  occur red  i n  t h e  form of a  p i t ,  rough ly  i n  
t h e  c e n t e r  of t h e  sample ( a l l  photographs  p r e s e n t e d  i n  t h i s  r e p o r t  a r e  
a t  10x m a g n i f i c a t i o n ) .  S i m i l a r  e r o s i o n  occur red  f o r  a l l  samples of 
test 1 and some e r o s i o n  c h a r a c t e r i s t i c s  f o r  samples 1, 2 ,  and 3 a r e  
shown on t a b l e  11. The e r o s i o n  r a t e s  pe r  1000 hours  a r e  t a b u l a t e d  to 
a l l o w  easy  comparison of samples t e s t e d  f o r  d r f f e r e n t  t imes  d u r i n g  dif- 
f e r e n t  t e s t s .  Accura te  e r o s i o n  d a t a  were  n o t  o b t a i n e d  f o r  samples 4 ,  
5 ,  and 6 due t o  t h e i r  geometry;  however, v i s u a l  r n s p e c t i o n  i n d i c a t e d  
t h a t  t h e  e r o s i o n  of t h e s e  samples was approximately  t h e  same as f o r  the  
c y l i n d r i c a l  samples .  It is  s e e n  from t a b l e  I1 t h a t  b o t h  t h e  maximum 
d e p t h  and volume e r o s i o n  d e p t h s  were  about  c o n s t a n t  f o r  t h e  t h r e e  c y l i n -  
d r i c a l  samples (which v a r i e d  i n  l e n g t h  by abou t  a  f a c t o r  of f o u r ) .  On 
t h e  l o n g e s t  c y l i n d r i c a l  sample (3) f a i n t  r a y  p a t t e r n s  s i m i l a r  i n  t y p e  
t o  t h o s e  shown i n  f i g u r e  1 accompanied t h e  p i t  e r o s i o n .  The r a y s  were ,  
however, t o o  s h a l l o w  t o  d e t e c t  on t h e  s u r f a c e  a n a l y z e r  due  t o  t h e  o r i g -  
i n a l  s u r f a c e  roughness .  



The n e a r  independence of e r o s i o n  on b o t h  t h e  sample l e n g t h  and pro- 
f i l e  was assumed t o  i n d i c a t e  t h a t  charge-exchange e r o s i o n  was p r i m a r i l y  
a f u n c t i o n  of t h e  number of b locked h o l e s  of t h e  s c r e e n  g r i d  and t h e  
pr imary i o n  d i s t r i b u t i o n  around t h e  p e r i m e t e r .  As w i l l  b e  s e e n ,  t h i s  
c o n c l u s i o n  was born  o u t  through t h e  program. 

T e s t  I1 

I n  t h i s  t e s t ,  s e v e r a l  d i f f e r e n t  t y p e s  of g r i d  s u p p o r t  were  t e s t e d  
and t h e y  w i l l  b e  d e s c r i b e d  s e p a r a t e l y .  

Samples 7  and 8 had a c c e l e r a t o r  caps  about  12 mm i n  d i a m e t e r  and 
were  0.36 and 0.76 mm l o n g ,  r e s p e c t i v e l y .  These caps  covered seven  
h o l e s  of t h e  a c c e l e r a t o r  g r i d  and t h e  a p p r o p r i a t e  seven  h o l e s  of t h e  
s c r e e n  g r i d  were  blocked.  These samples ,  and a l l  o t h e r s  i n  t e s t  P I ,  
were i n s p e c t e d  a f t e r  b o t h  20.5 and 50 h o u r s  of t e s t i n g .  F i g u r e  3 shows 
t h e  e r o s i o n  on sample 8 a f t e r  50 h o u r s ,  and t h e  d e t a i l s  of e r o s i o n  a r e  
g i v e n  on t a b l e  11. The o r i g i n a l  s u r f a c e  of sample 7  was q u i t e  rough 
and i t  was judged t h a t  t h e  e r o s i o n  r a t e s  f o r  sample 8  were most r e p r e -  
s e n t a t i v e  of 7  h o l e  samples .  

Compared w i t h  t h e  one h o l e  samples of t e s t  I ,  b o t h  t h e  d i a m e t e r s  
of e r o s i o n  and t h e  volume e r o s i o n  rates i n c r e a s e d  by abou t  a  f a c t o r  of 
two w h i l e  t h e  maximum d e p t h  e r o s i o n  r a t e s  d e c r e a s e d  by abou t  a  f a c t o r  
of two. The number of h o l e s  on t h e  sample p e r i m e t e r  which c a r r i e d  p r i -  
mary i o n  f l u x  i n c r e a s e d  from 6 t o  1 2  sc t h e  sample d iamete r  i n c r e a s e d  
from one t o  seven  h o l e s .  It would t h e r e f o r e  appear  t h a t  f o r  t h i s  diam- 
e t e r  sample t h e  t o t a l  e r o s i o n  i s  roughly  p r o p o r t i o n a l  t o  t h e  number of 
h o l e s  on t h e  p e r i m e t e r  of t h e  sample.  Comparison of t h e  e r o s i o n  r a t e s  
a t  20.5 and 50 h o u r s  a l s o  i n d i c a t e s  t h a t  t h e  maximum d e p t h  and volume 
e r o s i o n  i s  n e a r l y  l i n e a r  w i t h  t ime  f o r  t h e s e  t e s t  p e r i o d s .  

Sample 9 was made from a commercially o b t a i n e d  ceramic f e e d  th rough .  
Sample 9 b locked one h o l e  i n  b o t h  t h e  a c c e l e r a t o r  and s c r e e n  g r i d s ,  An 
i n s u l a t o r  was t e s t e d  i n  o r d e r  t o  d e t e r m i n e  i f  l o c a l  f i e l d s  cou ld  be  b u i l t  
up by impinging charge-exchange i o n s  which would r e p e l  f u r t h e r  i o n  f l u x ,  
When f a b r i c a t e d ,  a  small dimple  was l e f t  on t h e  downstream s u r f a c e .  
T h i s  d imple  was n o t  measured p r e v i o u s  t o  test 11. The p r o f i l e  of 
sample 9 was measured a t  20,5  and 50 h o u r s  ( t a b l e  11) and i t  i s  s e e n  
t h a t  e s s e n t i a l l y  no change occur red  i n  t h e  dimple  dep th  due  t o  charge- 
exchange e r o s i o n  i n  t h a t  t ime  p e r i o d .  A r a y  p a t t e r n  was observed on t h e  
t o p  of t h e  sample a f t e r  50 h o u r s .  Because of t h e  b a c k s p u t t e r e d  t a n k  
m a t e r i a l ,  i t  i s  p o s s i b l e  t h a t  t h e  s u r f a c e  of t h e  ceramic  was somewhat 
conduc t ive  d u r i n g  o p e r a t i o n .  Such a c o n d u c t i v e  c o a t i n g  could  have pre-  
v e n t e d  t h e  maintenance of l o c a l  f i e l d s .  

Sample 1 0  was a l o n g  t h i n  rod abou t  6.85 mm l o n g  by 1 . 6  mm i n  diam- 
eter. One h o l e  was blocked i n  b o t h  a c c e l e r a t o r  and s c r e e n  g r i d s ,  This  
shape  was s e l e c t e d  i n  o r d e r  t o  de te rmine  i f  t h e  e r o s i o n  problem cou ld  
b e  circumvented merely  by p l a c i n g  s u f f i c i e n t  m a t e r i a l  on t h e  downstream 



s i d e  of t h e  a c c e l e r a t o r  g r i d .  The geometry p reven ted  u s e  of t h e  s u r f a c e  
a n a l y z e r  and t h e  v a l u e  of p i t  d e p t h  g i v e n  on t a b l e  I1 was o b t a i n e d  wi th  
a microscope.  The e r o s i o n  was i n  t h e  form of a deep p i t ,  similar t o  ",he 

samples of test  I, on t h e  end of t h e  r o d .  The d e p t h  e r o s i o n  r a t e  was 
about  t h e  same as t h o s e  of t h e  samples of test I. The volume e r o s i o n  
r a t e  was n o t  e s t i m a t e d  because  no s u r f a c e  a n a l y z e r  t r a c e s  could  b e  ab- 
t a i n e d  , 

T e s t  111 

Samples 1 3  and 1 4  were  b o t h  g e o m e t r i c a l l y  s i m i l a r  t o  sample 2 of 
t e s t  I. Sample 1 3  was f a b r i c a t e d  from copper  w h i l e  sample 1 4  was made 
of molybdenum. These  two samples  were  t e s t e d  i n  o r d e r  t o  d e t e r m i n e  the 
d i f f e r e n c e  i n  volume and d e p t h  e r o s i o n  r a t e s  f o r  t h e  two m a t e r i a l s .  
Both t h e  d e p t h  and volume e r o s i o n  r a t e s  were  reduced by abou t  a f a c t o r  
of two by t h e  change t o  molybdenum. The e f f e c t i v e  s p u t t e r i n g  y i e l d  f o r  
molybdenum (atoms per  i n c i d e n t  i o n )  was, t h e n ,  s l i g h t l y  more t h a n  ha l f  
of t h a t  of t h e  copper samples .  

Samples 1 5  and 17  covered one and seven  h o l e s ,  r e s p e c t i v e l y ,  on 
t h e  a c c e l e r a t o r  g r i d .  The s c r e e n  g r i d  was blocked t o  a  l a r g e r  d i a m e t e r ,  
however, around each sample. The number of pr imary i o n  c u r r e n t  c a r r y i n g  
h o l e s  on t h e  p e r i p h e r y  of t h e  blocked s c r e e n  a r e a  was 12 and 1 8 ,  r espec-  
t i v e l y ,  f o r  samples  1 5  and 1 7 .  I n  o r d e r  t o  d e t e r m i n e  t h e  e f f e c t  of 
b l o c k i n g  t h e  s c r e e n  g r i d  t o  a  l a r g e r  d i a m e t e r ,  t h e  e r o s i o n  of sample 25 
(one h o l e )  c a r  3 e  compared w i t h  t h a t  o i  sample 1 3 ,  w h i l e  t h a t  of sam- 
p l e  1 7  ( seven  h o l e s )  can b e  compared w i t h  t h a t  of sample 8  of t e s t  11, 

The i n c r e a s e d  s c r e e n  b lockage  i n c r e a s e d  t h e  d iamete r  of e r o s i o n  by 
abou t  a f a c t o r  of t h r e e  f o r  b o t h  samples .  The maximum d e p t h  e r o s i o n  
rate d e c r e a s e d ,  however, by abou t  a  f a c t o r  of f i v e  f o r  t h e  s m a l l  one 
h o l e  sample and between a  f a c t o r  of two t o  t h r e e  f o r  t h e  seven  h o l e  
sample.  The volume s p u t t e r i n g  r a t e  i s  a l s o  shown on t a b l e  11. Because 
t h e  e r o s i o n  was s p r e a d  o u t  over  a l a r g e  a r e a ,  t h e  measured volume erosion.  
rates f o r  samples  1 5  and 1 7  c o n t a i n  c o n s i d e r a b l y  more u n c e r t a i n t y  t h a n  
f o r  samples 8  and 13 .  However, f o r  t h e  s m a l l  one h o l e  samples t h e  rneas- 
u red  volume e r o s i o n  r a t e  i n c r e a s e d  by abou t  a f a c t o r  of two when t h e  
number of i o n  c u r r e n t  c a r r y i n g  h o l e s  on t h e  p e r i p h e r y  i n c r e a s e d  from 6 
t o  12.  The volume e r o s i o n  r a t e  i n c r e a s e d  f u r t h e r  by abou t  a f a c t o r  of 
f o u r  f o r  t h e  seven  h o l e  sample when t h e  p e r i p h e r a l  i o n  c a r r y i n g  h o l e s  
i n c r e a s e d  from 1 2  t o  18.  It is  p o s s i b l e  t h a t  f o r  t h e  l a r g e r  d iamete r  
samples ,  a s i g n i f i c a n t  i n c r e a s e  occur red  i n  t h e  downstream volume pro- 
duc ing  c h a r g e  exchange i o n s  which h i t  t h e  sample when t h e  s c r e e n  g r i d  
was blocked t o  a  d iamete r  l a r g e r  t h a n  t h e  a c c e l e r a t o r  g r i d .  

Sample 1 8  was a n  e l e c t r i c a l l y  i s o l a t e d  cap and i s  shown i n  s k e t c h  
(b) and t a b l e  11. 



E l e c - t r i c a l l y  i s o l a t e d  zap 
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The sample covered seven  h o l e s  on t h e  a c c e l e r a t o r  g r i d  and s e v e n  h o l e s  
were  blocked on t h e  s c r e e n  g r i d .  Th i s  d e s i g n  was s e l e c t e d  due t o  t h e  
p a r t i a l  s u c c e s s  of sample 9 i n  t e s t  11. A s  s e e n  on t a b l e  11, t h e  
s t a n d o f f  had a  s m a l l  f l a n g e  on t h e  ~O';'GOIX which was added t o  p r e v e n t  a 
s h o r t  between t h e  a c c e l e r a t o r  g r i d  and t h e  s t a n d o f f  cap  due  t o  back- 
s p u t t e r e d  t a n k  w a l l  f l u x .  

F i g u r e  4 shows sample 1 8  a f t e r  25 hours  of o p e r a t i o n ,  No charge- 
exchange e r o s i o n  was n o t i c e d  on any p a r t  of i t s  s u r f a c e .  I n  a d d i t i o n ,  
no c o n c e n t r a t e d  e r o s i o n  was v i s u a l l y  noted on t h e  a c c e l e r a t o r  g r i d  n e a r  
sample 18.  It i s  impor tan t  t o  n o t e  t h a t  e r o s i o n  on t h e  a c c e l e r a t o r  g r i d  
could  b e  more s e r i o u s  t h a n  e r o s i o n  of t h e  g r i d  s u p p o r t  cap because  of 
t h e  t h i n  g r i d s  of i n t e r e s t  f o r  some t h r u s t e r  a p p l i c a t i o n s .  

Backspu t te red  f l u x  was d e p o s i t e d  on a l l  samples d u r i n g  a l l  t e s t s .  
During t e s t s  I, 11, and 11- ( i n  t h e  s m a l l e r  vacuum f a c i l i t y ) ,  t h e  back- 
s p u t t e r e d  f l u x  was v i s i b l e  a s  a  m e t a l l i c  c o a t i n g .  The amount of baek- 
s p u t t e r e d  f l u x  i n  t e s t  I11 measured w i t h  t h e  s u r f a c e  a n a l y z e r .  The 
b a c k s p u t t e r e d  f l u x  was a l s o  e s t i m a t e d  by u s e  of a c a l c u l a t i o n  due t o  
T. W. Reynolds of t h e  Lewis Research Cente r .  The measured v a l v e  of t h e  
b a c k s p u t t e r e d  f l u x  d e p o s i t i o n  rate was 4 . 1 ~ 1 0 - ~  c e n t i m e t e r s  p e r  1800 
h o u r s ,  which agreed  w i t h  t h e  c a l c u l a t e d  v a l u e  t o  w i t h i n  20 p e r c e n t ,  
The v a l u e  of t h e  b a c k s p u t t e r e d  f l u x  rate was quite s m a l l  compared t o  t h e  
d e p t h  e r o s i o n  r a t e s  and was t h e r e f o r e  ignored .  

T e s t  I V  

T h i s  test u t i l i z e d  s e v e r a l  t y p e s  of e l e c t r i c a l l y  i s o l a t e d  cap  de- 
s i g n s  and was c a r r i e d  o u t  i n  t h e  l a r g e  vacuum f a c i l i t y  d e s c r i b e d  i n  t h e  
s e c t i o n  APPARATUS AND PROCEDURE. The t e s t  was performed i n  o r d e r  t o :  

(1) T e s t  s t a n d o f f  d e s i g n s  a s u f f i c i e n t  l e n g t h  of t ime  t o  de te rmine  
t h a t  no c o n c e n t r a t e d  c h a r g e  exchange e r o s i o n  would occur  on e i t h e r  the 
cover  c a p  o r  on t h e  a c c e l e r a t o r  g r i d  w i t h  t h e  s t a n d o f f  d e s i g n .  

(2) T e s t  i n  t h e  l a r g e r  f a c i l i t y  i n  o r d e r  t o  r e d u c e  b o t h  t h e  back- 



s p u t t e r e d  w a l l  f l u x  and t h e  background p r e s s u r e  and any e f f e c t s  a r i s i n g  
the re f rom.  

( 3 )  T e s t  v a r i a b l e  s t a n d o f f  d e s i g n s  a t  s e v e r a l  g r i d  r a d i a l  l o c a t i o n s  
t o  d e t e r m i n e  t h e  importance of s t a n d o f f  s h a p e  and l o c a t i o n .  

Sample 19 was l o c a t e d  on t h e  t h r u s t e r  a x i s  over  t h e  a c t u a l  c e n t e r  
s u p p o r t  of t h e  g r i d  sys tem.  Because i t  was on t h e  a x i s ,  t h e  i o n  c u r r e n t  
d e n s i t y  on t h e  p e r i p h e r y  of t h e  sample was t h e  h i g h e s t  of any sample ,  
Dimensions of t h e  samples of test  I V  a r e  g iven  on t a b l e  11. 

Samples 20,  21, and 22 a l l  covered seven  a c c e l e r a t o r  g r i d  h o l e s  and 
had s e v e n  h o l e s  blocked i n  t h e  s c r e e n  g r i d .  A l l  were Located a t  a  rzdius 
of seven  cm. Sample 20 was n e a r l y  i d e n t i c a l  t o  sample 1 8  of t e s t  LIL 
excep t  t h e  f l a n g e  was wider  i n  o r d e r  t o  r e d u c e  d i r e c t  i o n  impi-ngement on 
t h e  sample ,  Sample 2 1  was a c y l i n d e r  abou t  1 2 . 4  mrn l o n g  w h i l e  sample 22 
was h e m i s p h e r i c a l  i n  shape ,  abou t  8 . 1  mm i n  l e n g t h ,  

Samples 23 and 24 b o t h  covered one h o l e  i n  t h e  a c c e l e r a t o r  g r i d  and 
were l o c a t e d  a t  a  r a d i u s  of s e v e n  and e l e v e n  em, r e s p e c t i v e l y .  

I n  a d d i t i o n  t o  t h e s e  samples ,  a f l a t  copper  p l a t e  3 .18 by 1 . 9  en  
i n  dimension was a t t a c h e d  t o  t h e  a c c e l e r a t o r  g r i d ,  a t  a r a d i u s  of 
seven  cm. Holes were  d r i l l e d  i n  t h e  p l a t e  t o  match t h o s e  i n  t h e  a e c e l -  
e r a t o r  g r i d .  Th i s  p l a t e  was a t t a c h e d  i n  o r d e r  t o  de te rmine  t h e  normal 
charge  exchange e r o s i o n  on copper i n  t h e  absence  of a  g r i d  s u p p o r t ,  

F i g u r e  5 shows t h e  downstream s u r f a c e  of sample 19 a f t e r  t h e  
1 4 1  hour test.  Th is  sample s u f f e r e d  c o n s i d e r a b l e  charge  exchange e r s -  
s i o n  on t h e  cover  cap.  The maximum d e p t h  of e r o s i o n  was 0.292 m. Due 
t o  t h e  complicated geometry of t h e  e r o s i o n ,  no e s t i m a t e  was made of t h e  
s p u t t e r e d  volume. Some d i r e c t  e r o s i o n  occur red  because  s i x  h o l e s  in t h e  
s c r e e n  were u n f o r t u n a t e l y  not  blocked and t h e  pr imary i o n s  eroded through 
t h e  f l a n g e  of t h e  cover  cap.  T h i s  sample (and a l l  o t h e r s  i n  t e s t  IV) 
was a l s o  i n s p e c t e d  a f t e r  t h r e e  hours  of o p e r a t i o n  when a  t h r u s t e r  mal- 
f u n c t i o n  caused a t e s t  shutdown. A t  t h e  t h r e e  hour  p o i n t ,  f a i n t  ray 
p a t t e r n s  were a l r e a d y  a p p a r e n t  on t h e  downstream s u r f a c e  of sample 19. 
It is  l i k e l y ,  t h e r e f o r e ,  t h a t  t h e  s e v e r e  c h a r g e  exchange e r o s i o n  was 
n o t  s o l e l y  due  t o  t h e  p r e s e n c e  of d i r e c t  pr imary i o n  impingement because  
t h e  i o n s  had n o t  eroded through t h e  plugged a c c e l e r a t o r  h o l e s  a f t e r  
t h r e e  hours  of o p e r a t i o n .  The r e s i s t a n c e  between t h e  cover  cap  and t h e  
a c c e l e r a t o r  g r i d  was measured a t  t h e  t h r e e  hour and end of test  t i m e s *  
I n  b o t h  cases t h e  r e s i s t a n c e  was g r e a t e r  t h a n  LOO0 M ohms. 

The r e a s o n  f o r  t h e  s e v e r e  e r o s i o n  is  n o t  known. It  i s  p o s s i b l e ,  
however, t h a t  a s h o r t  between t h e  sample and t h e  a c c e l e r a t o r  g r i d  
e x i s t e d  d u r i n g  o p e r a t i o n .  

Samples 20 and 21  (bo th  p laced  a t  seven  cm r a d i u s )  d i d  n o t  s u f f e r  
any v i s i b l e  charge-exchange e r o s i o n .  F i g u r e  6 shows t h e  downstream - ^ -  

L A  of sample 20 (which was n e a r l y  i d e n t i c a l  t o  sample 1 8  of t e s t  T I 1 3  



a f t e r  t h e  141-hour test .  A s l i g h t  amount of d i r e c t  i o n  impingement was 
no ted  on b o t h  samples 20 and 21. T h i s  e r o s i o n  was due t o  t h e  f a c t  t.hat 
t h e  h e i g h t  of b o t h  samples was s u f f i c i e n t  t o  i n t e r s e c t  t h e  pr imary i o n  
beam. Sample 2 1  was about  t w i c e  a s  long  as sample 20, and t h e r e f o r e  
r e c e i v e d  c o n s i d e r a b l y  more d i r e c t  i o n  impingement. Because n e i t h e r  
sample s u f f e r e d  any a p p a r e n t  charge-exchange e r o s i o n ,  i t  i s  l i k e b y  t h a t  
d i r e c t  i o n  impingement i s  n o t  n e c e s s a r y  i n  o r d e r  f o r  t h e  s t a n d o f f  design 
t o  s u c c e s s f u l l y  p r e v e n t  charge  exchange e r o s i o n .  I n s p e c t i o n  of t h e  a r e a  
su r rounding  b o t h  samples a l s o  i n d i c a t e d  t h a t  no c o n c e n t r a t e d  e r o s i o n  
had occur red  on t h e  a c c e l e r a t o r  g r i d  s u r f a c e  d u r i n g  t h e  t e s t ,  Sample 22 
s u f f e r e d  s l i g h t  charge-exchange e r o s i o n .  The dep th  of e r o s i o n  was e s t i -  
mated t o  b e  l e s s  t h a n  0.02 m i l l i m e t e r s  ( t h e  sample shape  p reven ted  accu- 
r a t e  measurement of t h e  e r o s i o n  d e p t h ) .  A r e s i s t a n c e  check i n d i c a t e d  
t h a t  a p a r t i a l  s h o r t  of abou t  3 x 1 0 ~  ohms had developed between t h e  cap 
of sample 22 and t h e  a c c e l e r a t o r  g r i d  d u r i n g  t h e  test .  It i s  f e l t ,  
t h e r e f o r e ,  t h a t  t h e  e r o s i o n  was due t o  t h i s  p a r t i a l  s h o r t  and n o t  due 
t o  t h e  rounded s h a p e  of sample 22. 

Sample 24,  on a r a d i u s  of e l e v e n  c e n t i m e t e r s ,  is  shown i n  f i g u r e  7 
a f t e r  t h e  141-hour t e s t .  U n f o r t u n a t e l y ,  sample 23,  which was on a 
r a d i u s  of seven  c e n t i m e t e r s ,  f e l l  o f f  d u r i n g  t h e  t e s t .  It i s  s e e n  from 
f i g u r e  7 t h a t  sample 24 s u f f e r e d  some charge-exchange e r o s i o n v  F a i n t  
e r o s i o n  was a l s o  v i s i b l e  a t  hour  t h r e e  of t h e  test .  The r e s i s t a n c e  be- 
tween t h e  sample cap and t h e  a c c e l e r a t o r  g r i d  was abou t  2x105 ohms. The 
d e p t h  e r o s i o n  r a t e  f o r  t h i s  sample ( t a b l e  11)  was more t h a n  twenty t imes  
l e s s  t h a n  t h e  n o n f l o a t f n g  one h o l e  sample of p r e v i o u s  t e s t s .  It i s  n o t  
known a t  p r e s e u t  whether  t h e  s l i g h t  e r o s i o n  t h a t  was observed was due to 
t h e  q u a s i  f l o a t i n g  c o n d i t i o n  of t h e  cap o r  t o  t h e  r a d i a l  l o c a t i o n  of t h e  
sample.  

No c o n c e n t r a t e d  e r o s i o n  was v i s u a l l y  no ted  on t h e  a c c e l e r a t o r  g r i d  
f o r  any of t h e  samples of t e s t  IV. Charge-exchange e r o s i o n  on t h e  ac- 
c e l e r a t o r  g r i d  is  probably  more c r i t i c a l  t h a n  such  e r o s i o n  on t h e  s u p p o r t  
covers .  I f  d i f f u s e  charge-exchange e r o s i o n  of o r d e r  0 . 1  mm o c c u r r e d  on 
t h e  a c c e l e r a t o r  g r i d ,  it probably  would n o t  have been d e t e c t e d ,  The 
s u r f a c e  a n a l y z e r  could  n o t  b e  used t o  d e t e r m i n e  such  e r o s i o n  because  of 
t h e  d i f f i c u l t y  i n  e s t a b l i s h i n g  a  r e f e r e n c e  p l a n e  t h a t  would b e  unchanged 
d u r i n g  t h e  t e s t .  An a c c u r a t e  e v a l u a t i o n  of a c c e l e r a t o r  g r i d  e r o s i o n  
cou ld  b e  e s t a b l i s h e d  o n l y  by a c o n s i d e r a b l y  l o n g e r  t e s t  t h a n  c a r r i e d  o u t  
i n  t h i s  p r e l i m i n a r y  program. 

The charge-exchange e r o s i o n  on t h e  p e r f o r a t e d  f l a t  copper p l a t e  was 
measured. The dep th  of a  t y p i c a l  charge-exchange e r o s i o n  p i t  was abou t  
0.03 mm. A s  i n d i c a t e d  p r e v i o u s l y  t h e  d e p t h  and volume e r o s i o n  r a t e s  f o r  
copper  were  about  a f a c t o r  of two more t h a n  f o r  molybdenum. The depth 
e r o s i o n  r a t i o  f o r  molybdenum would have been abou t  0.12 m i l l i m e t e r s  pe r  
thousand hours  a t  t h a t  r a d i a l  l o c a t i o n  (seven c e n t i m e t e r s )  and l o c a l  i o n  
c u r r e n t  d e n s i t y  . 



CONCLUDING REMARKS 

LrUllKLi iZ A preliminary investigation was carried out to reduce or el- 
concentrated charge-exchange ion erosion on the downstream grid suppgrt 
structures of two grid accelerator systems for electron-bombardment ;,,n 
thrusters. The tests indicated that the charge-exchange erosi-on was 2 

function of both the number of primary ion current carrylng holcs on ?he 
support periphery and the support diameter. In general, the &ptn exo- 
sion rate decreased while the erosion area and volume erosion rate lc- 
creased with increasing support size, An electrically isolated support 
design was tested which appeared to eliminate concentrated charge- 
exchange erosion on both the cover cap and the accelerator grid for 
some sample locatioiis . 
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TABLE I. - THRUSTER OPERATING PARAMETERS 

I"ls s 
u t i l i z a t i o n  



TABLE 11. - SAMPLE GEOETRY AND EROSION 



Figure 1. - Charge exchange erosion o n  center support of Reference 3. 
.- 

Figure 2. - Charge exchange erosion on sample 1 after 
20 hours operation. 

Figure 3. - Charge exchange erosion on sample 8 after 50 hours operation. 




